Abstract-This paper presents a novel capsule endoscope with the synchronous acquisition of the image and pH in the gastrointestinal (GI) tract. Due to the advantages in size and response time, antimony and Ag/AgCl electrodes were used as the working and reference electrodes of the sensor respectively. Three prototypes were designed and fabricated. The first two sensors adopted the separated electrodes with different size, while the last sensor adopted the integrated ones, which was the smallest with the length of 5mm and diameter of 6.7mm. The linearity, accuracy, response time and temperature drift of three sensors were measured to assess their performance. The experimental results showed that when the temperature was fixed, the correlation coefficients were above 0.99, the error rates with buffer solution were below 3% and the response time from the neuter to strong acid was below 5 seconds. Besides, the error rate caused by the temperature drift could be reduced to the range of 1% with the compensation. Due to the advantage in size and performance, the last sensor could be integrated into the capsule endoscope.
I. INTRODUCTION
Because of high work pressure and unhealthy dietary habits, the incidence of the digestive diseases is increasing greatly, such as esophagus cancer, gastric cancer and colon cancer [1] . With the development of medical devices, this situation can be solved effectively by early examination. The traditional capsule endoscopy has been widely applied in clinical, such as PillCam SB(Given Imaging, Israel) and MiroCam(IntroMedic, Korea) [2] . It can capture images of the GI tract with the image sensor and transmit them to the external receiver wirelessly, which can provide the morphological evidence for the disease diagnosis. However, this method is limited by the resolution of the image sensor and the diversity of the lesion tissues, so the diagnosis accuracy is not relatively accurate [3] .
The capsule with physiological parameters monitoring provides the alternative method for the diagnosis of several digestive diseases [4] . The common physiological parameters includes pH, impedance, temperature and pressure. With the micro sensor, several products based on this technology have been applied in clinical, such as Bravo (Given Imaging, Israel) and Smartpill(Smartpill, USA) [5, 6] . These parameters can be used to analyze the status of the physical organs and diagnose the functional diseases of the GI tract. For instance, pH and impedance monitoring in the esophagus can measure the acid reflux, which is the gold standard for the diagnosis of the gastro-esophageal reflux disease (GERD) [7, 8] . Besides, pressure and impedance monitoring in the esophagus and intestinal tract can be used to diagnose the diseases of mobility disorder, such as achalasia and constipation [9] . Since several digestive diseases need many examinations to be diagnosed to be organic or functional, the efficiency and acceptance of the diagnosis are relatively low.
In this paper, we present the capsule endoscope integrated with the image sensor and physiological sensor, which can measure the morphological and physiological information in the GI tract simultaneously. With the synchronous evidence, the efficiency and accuracy of the diagnosis can be improved.
II. DESIGN OF THE CAPSULE ENDOSCOPE

A. Overall Design
The structure diagram of the capsule endoscope with the composite diagnosis is illustrated in Fig 1. It mainly consists of the image sensor, physiological sensor, radio-frequency (RF) unit, system controller and energy unit. The size of the capsule endoscope should be strictly limited to reduce the swallowing difficulty. Referring to the size of the commercial product, the diameter and length are set to be 11mm and 29mm respectively. The traditional capsule endoscope has realized the integration with the image sensor, RF unit and battery, so the design and fabrication of the physiological sensor would be the focus in this paper.
The physiological sensor adopts the modular design, which is independent from the body. When the capsule needs to be swallowed, the corresponding sensor module can be mounted onto the capsule body with stable mechanical and electrical connections. This design can improve the flexibility and reduce the cost of the diagnosis. In this paper, pH sensor is selected to measure the acidity in the intestinal tract. To improve the definition and viewing angle, the image sensor is located at one end of the capsule, while the antenna and pH sensor are located 978-1-4799-0162-3/14/$31.00 ©2014 IEEE at the other end. Two button batteries with high energy density are used to provide the power for the entire circuit system.
B. pH Sensor Selection
There was a relatively large variation of pH value in the GI tract, where stomach liquid is strong acid with pH range of 1~3 and intestinal liquid is weak base with pH range of 6~9. To adapt to this situation, the range of pH sensor should be 1~9 at least. Meantime, it should be small enough to be integrated into the capsule and have the characteristic of high linearity, high accuracy and fast response to measure the pH value in the GI tract precisely.
In general, pH sensor consists of the working and reference electrode. Since the electric potential of the working electrode would change with the concentration of the hydrogen ions and that of reference electrode is independent of it, the pH value could be calculated with the potential difference. The common working electrodes include antimony and glass electrode. The antimony electrode has advantages in size and response time, while the glass electrode has advantages in precision and lifetime. Meanwhile, the common reference electrodes include the Ag/AgCl, Hg/HgO, Hydrogen and Calomel electrodes. Besides, ion sensitive field effect transistor (ISFET) is another type of pH sensor, which replaces the gate of MOSFET with the ion sensitive membrane [10, 11] and has a smaller size. However, it has poor performance in stability, temperature drift and usage time. Furthermore, some impurities in the air can also affect its performance [12] . According to the comparison of their performances, antimony and Ag/AgCl electrodes were selected as the working and reference electrodes respectively. 
C. pH Sensor Prototypes
The fabrication of the pH sensor need many procedures with special equipments. Antimony electrode was processed by melting antimony powder with high purity and absorbing into glass tube, while Ag/AgCl electrode was processed by calcining the powder mixture of Ag and AgCl to get solidified, packaging it with the saturated KCl solution and sealing up with paraffin wax.
As the size of pH sensor would affect the performance of the measurement, such as the linearity, accuracy, response time and usage time, there would be some compromises between the size and performance. Three sensors with different size and structure were designed and fabricated, as illustrated in Fig 3. The length and diameter of these sensors are listed in TABLE 1. It was indicated that the size of the working electrode was much smaller than the reference one. The assembly methods of these sensors were different. The electrodes in sensor I and II were both independent, where the working electrode was shared and the size of the reference electrode in sensor II was greatly reduced with space optimization. Besides, the electrodes in sensor III were integrated together, which had the same size as sensor II. 
III. EXPERIMENTS AND RESULTS
The linearity, accuracy, response time and temperature shift of the pH sensors were measured to assess theire performance. According to the pH range in the GI tract, the test solutions with pH range of 1~3 and 6~9 were modulated with HCl and NaOH respectively. Since the ambient temperature could affect the stability of the output voltage, the control system based on the water bath pot and thermometer can keep the temperature of the solution steady, as shown in Fig 4 . TABLE 2 . It was noted the slopes of sensor II and III were basically the same, since the size of their electrodes were the same. However, the slope of sensor I was slightly lower than them, since its reference electrode was larger. There were a slight variation between the intercepts of these sensors, which corresponded to the initial potentials of these electrodes. The difference might be due to the accuracy of the test solutions. Besides, it was indicated that the correlation coefficients (R 2 ) of sensor I was the largest and that of sensor III was the lowest. Considering the coefficients of them were all over 0.99, so the linearity of these sensors were good enough to measure the pH in the GI tract.
B. Accuracy
Buffer solution compounded by the buffering agent with a appropriate proportion has a stable pH value, so it can be used to validate the accuracy of pH sensors. With the fitting function aforementioned, the pH value and accuracy can be caculated with the output voltage, as listed in TABLE 3. It was obvious that the accuracy of sensor I was the best with the error rate below 1%. In addition, the error rate of sensor II and III was in the range of 1% and 3% and the error value of them was below 0.25, which was slightly larger than that of sensor I. Hence, the size reduction of reference electrodes would also reduce the accuracy and linearity of pH value. In general, the error rate and value of the sensors were still in the acceptable range. 
C. Response Time
Considering that the motion of the capsule endoscope in the GI tract and the chemical reaction on the electrodes needs a certain time to become stable, the response time of pH sensor should be as short as possible. Otherwise, some small lesions may be missed. When the electrodes were placed into the solutions with different pH, the output voltage were monitored during 5 minutes. The results showed the response time of the sensor was related with the difference between the initial state and stable state, so the response time for the strong acid or alkali solution would be a little longer. For the solution with pH=1, the voltage could become stable in 5 seconds, which was the longest in these solutions. Considering the propulsive speed in the GI tract is very slow and pH mutation only occurs in some special locations, the response time of the sensor was short enough to measure the changes in real time.
D. Temperature drift
Temperature is an important factor in the caculation of pH value, which cannot be neglected. The previous experiments were all carried out in the fixed temperature maintained by the water bath pot. Since the sensor needs the correction in vitro, the temperature difference between in vitro and in vivo would increase the error rate. Fig 6 shows the output voltage of sensor III in 30 and 45 Celsius. It was indicated that their slopes had a large difference while their intercepts were basically the same, so the temperature drift would affect the accuracy of the pH value greatly. Besides, the errors were basically proportional to the pH value and the maximum error rates were over 10%, as listed in TABLE 4. The temperature could be measured with the temperature sensor in the capsule endoscope. When the temperture compensation was considered, the error rate of pH value could be reduced greatly into the range of 1%, which was necessary for the accuracy of the measurement. 
IV. CONCLUSIONS
According to the clinical requirements, a novel capsule endoscope with mixed diagnosis of image and pH sensor was proposed. With the constraint of size, stability and response time, antimony and Ag/AgCl electrodes were selected as the working and reference electrodes respectively. Three pH sensors with different size and structure were designed and fabricated. The length and size of the smallest sensor were 5mm and 6.7mm respectively. The experimental results showed that the linearity of the sensors were all relatively good with the correlation coefficients of above 0.99 and the accuracy of them were also good with the error rate in the range of 3%. Besides, the response time from the neuter to strong acid were longest, which was below 5 seconds, so it could meet the realtime requirement. Moreover, the error caused by the temperature drift could be reduced into the range of 1% with the compensation. It was obvious the sensor with the integrated electrodes were good enough for the capsule endoscope.
